The growth factor progranulin (PGRN) has been implicated in embryonic development, tissue repair, tumorigenesis, and inflammation, but its receptors remain unidentified. We report that PGRN bound directly to tumor necrosis factor receptors (TNFR), and disturbed the TNFα/TNFR interaction. PGRN-deficient mice were susceptible to collagen-induced arthritis, and administration of PGRN reversed inflammatory arthritis. Atsttrin, an engineered protein composed of three PGRN fragments, exhibited selective TNFR binding. PGRN and Atsttrin prevented inflammation in multiple arthritis mouse models and inhibited TNFα-activated intracellular signaling. Collectively, these findings demonstrate that PGRN is a ligand of TNFR, an antagonist of TNFα signaling and plays a critical role in the pathogenesis of inflammatory arthritis in mice. They also suggest new potential therapeutic interventions for various TNFα-mediated pathologies and conditions, including rheumatoid arthritis.
Progranulin (PGRN), also known as granulin epithelin precursor (GEP), PC-cell-derived growth factor (PCDGF), proepithelin, and acrogranin, is an autocrine growth factor. PGRN contains seven-and-a-half repeats of a cysteine-rich motif (CX5-6CX5CCX8CCX6CCXDX2HCCPX4CX5-6C) in the order P-G-F-B-A-C-D-E, where A-G are full repeats and P is the half-motif (1) . PGRN is expressed in rapidly cycling epithelial cells, leukocytes, neurons (2) , and chondrocytes (3) . Some human cancers also express PGRN and PGRN contributes to tumorigenesis in breast cancer, ovarian carcinoma, and multiple myeloma (2, 4) . PGRN plays a critical role in a variety of physiologic and disease processes, including early embryogenesis (5) , wound healing (6), inflammation (7, 8) , host defense (9) and cartilage development and degradation (3, (10) (11) (12) . PGRN also functions as a neurotrophic factor (13) and mutations in the Grn gene cause frontotemporal dementia (14) (15) (16) . Despite such a variety of roles, efforts to exploit the actions of PGRN and understand the mechanisms involved have been significantly hampered by our inability to identify its binding receptor(s) (2) .
TNFα/TNFR signaling has received great attention due to its position at the apex of the proinflammatory cytokine cascade and its dominance in the pathogenesis of various disease processes, and in particular, autoimmune disorders (17) . TNFα blockers including etanercept (Enbrel), infliximab (Remicade), and adalimumab (Humira), are effective antiinflammatory therapies (18, 19) . TNFR1 is expressed ubiquitously, whereas TNFR2 expression is tightly regulated and found predominantly in hematopoietic cells (20) . In a search for PGRN-associated proteins we screened a yeast two-hybrid (Y2H) cDNA library using the construct pDBleu-PGRN (a.a.21-588) encoding PGRN lacking signal peptide as bait, and isolated 12 positive clones among 2.5 millions clones. Sequencing data showed that two of them were cell (Fig. 1B) . The finding that PGRN directly binds to TNFR prompted us to determine whether PGRN affected the TNFα/TNFR interaction. rhPGRN demonstrated dose-dependent inhibition of TNFα binding to TNFR1 and TNFR2 (Fig. 1, C and D) , which suggested that PGRN may act as a physiological antagonist of TNFα signaling. Indeed, PGRN potently inhibits TNF-mediated neutrophil activation (8) and cartilage degradation (10) . We observed a significant increase in TNFα-stimulated hydrogen peroxide in neutrophils and nitric oxide in bone marrow derived macrophages (BMDMs) from PGRN-deficient mice (Fig. 1, E and F) . We have previously reported that TNFα induces the degradation of COMP (21), a prominent noncollagenous component of cartilage that plays an important role in stabilizing the cartilage matrix (22, 23) and is heavily degraded in both osteoarthritis and rheumatoid arthritis (21, 24, 25) . Using the same model system, we observed that deletion of PGRN results in a marked increase in TNFα-induced COMP degradation ( fig. S2) .
The Growth Factor Progranulin Binds to TNF Receptors and Is Therapeutic Against Inflammatory Arthritis in Mice
In order to determine whether PGRN affects TNFα signaling in human cells, we next examined the possibility that treatment of human regulatory T cells (Treg;  phenotypically TNFR2  + TNFR1 - (26) ) with PGRN may protect Treg cells from negative regulation by TNFα (26, 27 To determine whether the inflammatory arthritis of collagen II-challenged PGRN-deficient mice can be neutralized by recombinant PGRN, we administrated rhPGRN to these PGRN-deficient mice for 11 weeks [supporting online materials (SOM) Materials and Methods]. rhPGRN completely blocked disease progression (Fig. 2F) . No visible symptoms of CIA were observed in any individual mouse, which was manifested by both a 0% incidence and an arthritis score of "0" in PGRN-deficient mice treated with rhPGRN ( Fig. 2, G and H) . rhPGRN also significantly inhibited synovitis, pannus formation, tissue destruction ( fig.  S6C ), and the loss of cartilage matrix ( fig. S6D) . Notably, the number of osteoclasts was reduced in PGRN-deficient mice treated with rhPGRN when compared to untreated PGRNdeficient mice ( fig. S6E ). Collectively, these data suggest that the loss of PGRN expression in vivo results in enhanced susceptibility to collagen induced arthritis, which can be entirely reversed by the administration of recombinant PGRN.
To determine whether the anti-inflammatory actions of PGRN occur through the suppression of TNFα signaling in vivo, we deleted the gene that encodes PGRN in mice that express a human TNFα transgene (TNF-Tg) (30) . TNF-Tg mice develop an inflammatory arthritis phenotype spontaneously (30, 31) . We generated TNF-Tg /Grn +/− and TNF-Tg/Grn −/− mice and found that the deletion of PGRN hastened the onset of arthritis and resulted in a worse clinical score in a gene dosage-dependent manner ( These results suggest that PGRN may also be a negative regulator of TNFα-induced osteoclastogenesis and a mediator of bone integrity during the inflammatory process. Next, we sought to examine the effects of applying recombinant human PGRN to TNF-Tg mice. We administered rhPGRN (SOM Materials and Methods) to TNF-Tg mice with established mild arthritis. Treatment with rhPGRN resulted in the elimination of any visual signs of arthritis ( Fig. 3C ) and a reduced arthritis severity score (Fig.  3D ). To confirm that these effects were due to the inhibitory effects of PGRN, we discontinued rhPGRN administration and continued to evaluate the TNF-Tg mice for signs of arthritis. At 7 days after the cessation of rhPGRN treatment, signs of arthritis began to develop (Fig. 3D) . In contrast, application of rhPGRN to TNF-Tg mice in the phosphate buffered saline (PBS)-treated group resulted in a marked reduction of severe arthritis signs. Taken together, these data suggest that PGRN may exert its anti-inflammatory effects through inhibition of TNF/TNFR signaling in vivo.
To identify the domains of PGRN required for its interaction with TNF receptors, we constructed cDNA segments encoding a series of PGRN mutants and analyzed their interactions with TNFR2 using Y2H assays. . We then linked all three fragments identified above to generate an engineered mutant (referred to as FAC) (fig. S10A) which exhibited an even stronger binding affinity to TNFR2 than PGRN. F, A and C are known to be the granulin domains most capable of independent folding, and each of domain has N and C terminal subdomains that are structurally independent (32) . By deleting ever greater portions of each of the granulin domains of FAC we determined a mutant composed of half units of granulins A, C and F plus linkers P3, P4 and P5 appears to be the "minimal" engineered molecule that retains affinity to TNFR2 ( fig. S10 ). This molecule was referred to as Atsttrin (Antagonist of TNF/TNFR Signaling via Targeting to TNF Receptors). Y2H assay revealed that PGRN associated weakly with other members of TNFR subfamily, whereas Atsttrin selectively interacted with TNFR1 and TNFR2 ( fig. S11 ). Atsttrin was expressed in bacteria as a GST fusion protein, purified on glutathione agarose resin, and eluted using Xa factor (there is a Xa factor cleavage site between GST and Atsttrin) (fig. S12A). Reverse phase HPLC showed high purity (~90%), indicating one major isoform of Atsttrin (fig. S12B). 5 of 17 cysteine residues within Atsttrin molecule exist as free thiols. When compared to TNFα, recombinant Atsttrin exhibited higher binding affinity for TNFR2, but lower affinity for TNFR1 (Fig. 4A) . Atsttrin demonstrated dose-dependent inhibition of the interaction between TNFα and TNFR1/TNFR2 (Fig. 4, B and C) . Furthermore, Atsttrin also inhibited the binding of lymphotoxin α (LTα) to TNFR1 and TNFR2 ( fig. S13 ).
Atsttrin could inhibit several downstream events of TNF/TNFR signaling. Atsttrin inhibited TNFα-dependent hydrogen peroxide production in neutrophils and nitric oxide production in BMDMs in a dose-dependent manner (fig. S14, A and B). Even at high dosages, Atsttrin did not exhibit any cytotoxic effects ( fig. S14C) . Furthermore, Atsttrin effectively blocked TNFα-mediated death of rhabdomyosarcoma A673/6 cells ( fig. S14D) . To examine the effects of TNFα on osteoclastogenesis, we administered TNFα to M-CSF-dependent mouse BMDMs, which induced differentiation of these cells into osteoclasts. Coadministration of Atsttrin led to a significantly lower number of TRAP-positive osteoclasts, when compared to the control ( fig. S14E) , and reduced the number and mean size of bone resorption pits ( fig. S14F ).
We next determined the impact of PGRN and Atsttrin in two different mouse models of rheumatoid arthritis: collagen antibody-induced arthritis (CAIA) and collagen-induced arthritis (CIA). In the CAIA model, we challenged mice with a cocktail of anti-collagen antibodies and LPS and then randomized them to treatment with rhPGRN, Atsttrin, or PBS, starting on day 1. Administration of either rhPGRN or Atsttrin resulted in reduced disease severity in the CAIA model, and both agents significantly delayed the progression of arthritis (Fig. S15A) . Furthermore, Atsttrin was more effective than rhPGRN in delaying the onset of inflammation (Fig. S15A) . We analyzed paw thickness of the Atsttrintreated group and noticed a significant decrease in size to a nearly normal range, when compared with the PBS-treated group (Fig. S15B) . Histological analysis of ankle joints indicated a significant decrease in inflammatory cell infiltration, tissue destruction, bone erosion, and loss of cartilage matrix in rhPGRN-and Atsttrin-treated CAIA mice (Fig. S15C) .
In the CIA model, mice treated with rhPGRN or Atsttrin (SOM Materials and Methods) demonstrated markedly reduced joint swelling, erythema, and gross deformity compared to PBS-treated controls, with Atsttrin-treated mice bearing marked similarity to normal mice (Fig. 5A) . PGRN, Atsttrin and etanercept effectively prevented the development of arthritis, as evidenced by a decreased arthritis severity score and lower incidence of disease (Fig. 5, B and C) . PBS-treated control mice (Fig. 5D and fig. S16A ). Micro-CT images revealed gross bone damage in the PBS-treated CIA mice, but not in the rhPGRN-or Atsttrin-treated groups (fig. S16B). Furthermore, osteoclast activity was undetectable in both rhPGRN and Atsttrin treated CIA mice ( fig. S16C ). Mice treated with rhPGRN or Atsttrin also had significantly decreased serum levels of proinflammatory cytokines interleukin (IL)-1β and IL-6, and COMP, and elevated levels of anti-inflammatory cytokines IL-10 and IL-13, when compared with control mice (fig. S16, D and E) .
To determine the pharmacokinetic profile of Atsttrin, we first generated an anti-serum by immunizing mice with recombinant Atsttrin. The specificity of anti-Atsttrin antibodies was confirmed by immunoblotting ( fig. S17A ). An indirect ELISA using anti-Atsttrin antibody was then established ( fig. S17B) , and the pharmacokinetic profile of Atsttrin in mice was examined. Atsttrin was well absorbed following intraperitoneal administration and demonstrated high stability with a half-life of about 120 hours (fig. S17, C and D). From these data, the pharmacokinetic parameters and availability were then calculated (Table S1 ). On the basis of these results, we subsequently investigated the optimal dose of Atsttrin required to prevent CIA using a long dosing interval by injecting collagen-induced mice with Atsttrin once per week. The anti-inflammatory actions of Atsttrin displayed dose-dependency ( fig. S18A ), and administration of Atsttrin at a dose of 0.5 mg/kg body weight or higher completely prevented the induction of arthritis. We also found that a single dose of Atsttrin (10 mg/kg) could effectively delay the onset of inflammation for approximately three weeks ( fig.  S18B ). Taken together, these findings suggest that PGRN and its derived Atsttrin can effectively prevent CIA in mice. We then examined the therapeutic efficacy of Atsttrin in treating already established CIA. Administration of Atsttrin once per week effectively inhibited or reversed disease progression in a dose-dependent manner (Fig. 5E) . We also confirmed the therapeutic efficacy of Atsttrin in a TNF-Tg mouse model. Consistent with the results observed in the CIA model, the administration of Atsttrin markedly suppressed arthritis progression, and notably eliminated signs of inflammation ( fig. S19 ). Signs of inflammation returned following the cessation of Atsttrin treatment ( fig. S19B) .
To define the contributions of TNFR1 and TNFR2 in the therapeutic effects of Atsttrin, we compared the therapeutic effects of Atsttrin on CIA in wildtype, and mice deficient in TNFR1 (Tnfrsf1a −/− ) or TNFR2 (Tnfrsf1b −/− ) (Fig. 5F ).
Atsttrin treatment was effective in both wildtype and Tnfrsf1a −/− mice in a dose-dependent fashion. In contrast, only the highest dose of Atsttrin (0.5mg/kg) exerted a significant effect in Tnfrsf1b −/− mice. These data indicated that Tnfrsf1b −/− CIA mice are less sensitive to Atsttrin treatment, possibly because Atsttrin bound to TNFR2 with a higher affinity than to TNFR1 and there is a very different distribution and function between TNFR1 and TNFR2 in T cells (26, 27) .
To explore further the anti-inflammatory mechanisms of PGRN and Atsttrin, we investigated the role of PGRN and Atsttrin in the TNFα-induced activation of IKK/IκB/NF-κB signaling. rhPGRN and Atsttrin blocked TNFα-induced phosphorylation of IKK and IκBα and the degradation of IκBα in BMDMs (Fig. 6A) . We also found elevated IκBα phosphorylation in the tarsal joint articular cartilage of mice with CIA, which was abolished by treatment with rhPGRN or Atsttrin (Fig. 6B) . rhPGRN-or Atsttrin treatment of BMDMs impaired TNFα-induced NF-κB nuclear translocation, NF-κB binding to the IκBα promoter and activation of gene expression by NF-κB (Fig. 6, C-F) (33) . rhPGRN and Atsttrin also inhibited the TNFα-induced phosphorylation of p38, JNK and ERK1/2, mitogen activated protein kinase (MAPK) family members known to play an important role in TNFα-mediated inflammation (Fig. 6G) . While Atsttrin completely blocked the TNFα-induced phosphorylation of ERK1/2, the presence of rhPGRN only resulted in a partial inhibition of this pathway. This may not be surprising, however, because PGRN itself has been previously shown to activate ERK1/2 signaling (3). Taken together, these results demonstrate that PGRN and Atsttrin inhibit TNFα-induced intracellular signaling pathways.
Collectively, our findings support the notion that PGRN is a key regulator of inflammation and that PGRN may mediate its anti-inflammatory effects, at least in part, by blocking TNF binding to its receptors. Whether this mechanism accounts for all of the anti-inflammatory effects we observed remains to be further delineated.
During inflammation, neutrophils and macrophages release proteases which digest PGRN into individual 6 kDa granulin units, which are actually pro-inflammatory and can neutralize the antiinflammatory effects of intact PGRN (7, 8) . PGRN's anti-inflammatory actions are protected by its binding proteins, which include the secretory leukocyte protease inhibitor (8) and apolipoprotein A1 (34), both of which bind to PGRN and protect it against proteolytic degradation. Consistent with these observations, we found that the PGRN-derived protein, Atsttrin, exhibits highly potent anti-inflammatory activity which surpasses PGRN itself, in vivo. This occurred despite the observation that PGRN binds to TNFR with a higher affinity than Atsttrin. This may be because Atsttrin contains only partial granulin units and would not be expected to release any intact proinflammatory granulin units upon exposure to PGRNconverting enzymes such as elastase (8) presence or absence of rhPGRN or Atsttrin. At the indicated time points, cell lysates were probed using specific antibodies against total and phosphorylated Erk1/2, p38, and JNK. 
